Through the McDonald Observatory M Dwarf Planet Search, we have acquired nearly 3,000 high-resolution spectra of 93 late-type (K5-M5) stars over more than a decade using HET/HRS. This sample provides a unique opportunity to investigate the occurrence of long-term stellar activity cycles for low-mass stars. In this paper, we examine the stellar activity of our targets as reflected in the Hα feature. We have identified periodic signals for 6 stars, with periods ranging from days to more than 10 years, and find long-term trends for 7 others. Stellar cycles with P ≥ 1 year are present for at least 5% of our targets. Additionally, we present an analysis of the time-averaged activity levels of our sample, and search for correlations with other stellar properties. In particular, we find that more massive, earlier type (M0-M2) stars tend to be more active than later type dwarfs. Furthermore, high-metallicity stars tend to be more active at a given stellar mass. We also evaluate Hα variability as a tracer of activity-induced radial velocity (RV) variation. For the M dwarf GJ 1170, Hα variation reveals stellar activity patterns matching those seen in the RVs, mimicking the signal of a giant planet, and we find evidence that the previously identified stellar activity cycle of GJ 581 may be responsible for the recently retracted planet f (Vogt et al. 2012) in that system. In general, though, we find that Hα is not frequently correlated with RV at the precision (typically 6-7 m/s) of our measurements.
Introduction
The study of Hα activity for M dwarfs has provided a wealth of insight into the physics of low-mass stars. For young M stars with Hα emission lines (so-called "active" M dwarfs), stellar activity has been shown to be tightly coupled with rotation (e.g. Browning et al. 2010; Reiners et al. 2012) . Furthermore, as these stars age and spin down, their Hα emission and variability decrease significantly, offering a diagnostic for distinguishing stellar populations of different ages (West et al. 2008 (West et al. , 2009 López-Santiago et al. 2010 ).
Absorption line variability in inactive M dwarfs is often caused by periodic stellar activity cycles (Kürster et al. 2003; Cincunegui et al. 2007a; Buccino et al. 2011; Gomes da Silva et al. 2012 ). Because such cycles may appear in radial velocity (RV) measurements (as evidenced by correlation between RV and activity tracers such as Ca II H and K emission), potentially mimicking Keplerian planet signals (Queloz et al. 2001; Isaacson & Fischer 2010;  Gomes da Silva et al. 2012) , they are of particular interest to planet search surveys. As a somewhat happy coincidence, the long-term, multi-epoch spectral monitoring of stars conducted by RV surveys makes them uniquely sensitive to analogs of the 11-year solar cycle. These cycles may not appear in photometry if they manifest as variable heating of active chromospheric regions and not starspot modulation.
Identification and characterization of solar-type cycles will be instrumental in better understanding the solar magnetic dynamo (Thompson et al. 2003; Wright et al. 2011) . Since stellar cycles are reflective of a star's magnetic field strength and variability (e.g. Brown et al. 2011) , internal structure (Ossendrijver 2003 , and references therein), and long-term evolution (Wright 2004 ), exploring activity across all spectral types is an excellent way to understand how fundamental stellar properties vary, and how stellar magnetic fields are generated and maintained.
In the Sun, the origin of the magnetic activity driving the observed 11-year cycle is believed to be the αΩ dynamo maintained through differential rotation at the tachocline, the interface between the radiative and convective layers of the Sun. The prevalence of similar cycles for FGK stars (Baliunas et al. 1995) confirms that such dynamos are common amongst solar-type stars. However, the tachocline lies at increasing depths at later spectral types, disappearing altogether around ∼ M4 (Chabrier & Baraffe 1997) . Thus, a direct comparison between the stellar activity levels and cyclic behavior of solar-type and lower-mass stars is essential to characterizing the effect of stellar mass on internal architecture and the resulting magnetic activity.
In this paper, we present the first systematic analysis of stellar activity for the McDonald Observatory M Dwarf Planet Survey (Endl et al. , 2006 . While the long-term surveys at Mount Wilson (Baliunas et al. 1995) and HARPS (Lovis et al. 2011) have already conducted similar studies for over 400 quiet FGK stars, analyses of M stars (e.g. Kürster et al. 2003; Cincunegui et al. 2007a ; Gomes da Silva et al. 2012) are significantly lacking, with less than 50 total stars examined. With 93 stars included in this paper, it is the largest such study to date for inactive M stars, and represents a substantial addition to the total collection surveyed.
Here, we will use the flux in the Hα line as a tracer of stellar chromospheric activity. In areas of the stellar chromosphere where magnetic field lines influence the local convective behavior (so-called "active regions" or plages), Hα photons are emitted, resulting in an activity-dependent depth of the Hα absorption line. While this effect is more commonly observed in the calcium H and K lines, Hα is potentially a more suitable line for M stars because of their lack of flux near the calcium lines. Additionally, because Hα and Ca H and K are emitted from different depths in the chromosphere (and hence different distances from the tachocline), valuable information may be gained by comparing the results of M dwarf activity using both indices. Since Hα is a standard tracer of M dwarf activity, our measurements can easily be compared with previously published results.
The paper is organized as follows. In Section 2, we describe how we acquired and reduced our data. We have identified a number of periodic Hα signals, which we discuss in Section 3. Additionally, we have computed the mean Hα flux levels of our targets, and include a detailed examination of how these average fluxes depend on stellar mass and metallicity. The broader implications of our results are discussed in Section 4, and we summarize our conclusions in Section 5.
Observations and Data Analysis
The McDonald Observatory Planet Search (e.g. Cochran & Hatzes 1993; Robertson et al. 2012a,b) has monitored nearby stars for RV variation induced by exoplanets with the Hobby-Eberly Telescope (HET, Ramsey et al. 1998 Ramsey et al. ) since 2001 . During this period, we have also surveyed 100 M dwarfs to explore the frequency of planets around low-mass stars. Our 100 targets are specifically selected to have low activity based on a lack of X-ray emission from the ROSAT All-Sky Survey (Hünsch et al. 1999) , and should therefore represent the old, quiet population of nearby M stars.
In order to better characterize our targets, we computed stellar masses using the Delfosse et al. (2000) K-band mass-luminosity relation. Additionally, we calculate stellar metallicity using the Schlaufman & Laughlin (2010) photometric metallicity calibration. We note that this calibration is largely consistent with earlier photometric metallicity estimates of Bonfils et al. (2005a) and Johnson & Apps (2009) , but is less susceptible to systematically over-or underestimating stellar [M/H] . Where available, we have also obtained spectral subtypes from the Orion Spiral Arm Catalogue (Bobylev et al. 2006) . In Figure 1 , we show the distributions of these stellar properties for our sample.
After removing double-lined spectroscopic binaries (SB2s), the M dwarf survey has amassed 2933 high-resolution spectra of 93 stars as of July 2012. All of the 93 targets have been observed at high cadence for a brief amount of time (typically ∼ 5 observations over one week) to explore short-period RV variability, and are observed at least once per season to ensure sensitivity to longperiod signals. Stars with potentially interesting RV signals have been observed several times each season.
Our HET M dwarf spectra are taken with the High Resolution Spectrograph (HRS, Tull et al. 1998) . Nearly all the spectra are taken at a resolving power R = 60, 000, with a small number of bright targets for which we observed at R = 120, 000. We note that while our observations are taken with an I 2 absorption cell in front of the slit for the purpose of obtaining precise RVs, no I 2 absorption lines are present in the spectral region around Hα. Flat-fielding, bias subtraction, cosmic ray removal, and wavelength calibration are performed with standard IRAF 1 routines, and we have divided our spectra by the blaze function to normalize the continuum.
Although it is common practice for RV surveys to trace stellar activity with the Ca II H and K lines (S HK , e.g. Paulson et al. 2004; Isaacson & Fischer 2010; Robertson et al. 2012a) , those lines are not accessible to HRS. Instead, we examine the Hα line, which appears in absorption for our targets, but becomes increasingly filled in as chromospheric activity increases (Kürster et al. 2003; Gomes da Silva et al. 2011) . Figure 2 shows the Hα absorption line for GJ 270 at times of high and low emission. In addition to the issue of availability, analyzing Hα reveals stellar behavior which will not necessarily appear in S HK since Hα activity and Ca H and K activity do not always correlate, as shown in previous comparisons between tracers (Cincunegui et al. 2007b; Santos et al. 2010; Gomes da Silva et al. 2011) . We measure this chromospheric Hα "filling in" with an index I Hα . Following Kürster et al. (2003) , we define the index as Kürster et al. (2003) . To ensure any variation observed is in fact from stellar chromospheric activity and not instrumental effects, we also measured a similar index for the Ca I λ6572.795Å line, where F CaI is the sum of the flux from [441.5 km s −1 , 472.5 km s −1 ] around the Ca I line center, and using the same reference bands.
Because the Ca I line should not be sensitive to stellar activity, the Ca I index serves as a control against which to verify Hα activity.
For each stellar line index, we calculated an error bar using a method analogous to the one employed for the Mount Wilson Ca II S HK index we compute for our 2.7m spectra (e.g. Robertson et al. 2012a) . Specifically, we multiplied the RMS in the continuum in the 0.5Å adjacent to the Hα or Ca I line by √ N , where N is the number of pixels in the line (i.e. σ F Hα = RMS F Hα±0.5 × √ N ). Likewise, we multiplied the RMS scatter of each reference band by the square root of the number of pixels in the band, and added the errors in quadrature for the final line index. In equation form,
Rather than take the approach of Gomes da Silva et al. (2011) and bin our observations, we assign these error bars so as to accurately assess the quality of each spectrum, and to best make use of our more sparsely-sampled data sets, which nonetheless show significant activity.
Analysis
We see time-dependent stellar activity for a number of stars from our RV survey. In addition to detailing this behavior, we have also examined the time-averaged overall activity levels of our targets, and related those levels to other fundamental stellar properties. We present these results in separate subsections below.
Periodic Hα Activity
We began our analysis by searching the time series I Hα measurements of each star for periodic activity. Since M dwarf stellar activity signals have been observed with periods as short as weeks or months (as is typical of rotation periods, e.g. Kürster et al. 2003; Forveille et al. 2009 ) and as long as years (Cincunegui et al. 2007a; Gomes da Silva et al. 2012 ), we searched a broad range of frequencies. We search for periodicity using the fully generalized Lomb-Scargle periodogram ) due to its ability to handle uneven time sampling and individually-weighted data points. In cases where our periodograms show significant power levels, we have estimated false alarm probabilities (FAPs) using three different methods. The first two computations, which we consider preliminary estimates, use Equation 24 of and the method outlined in Sturrock & Scargle (2010) . For the FAP estimate, we normalize the periodogram assuming gaussian noise, so our false alarm probability for a peak of power P is
where N is the number of data points and M = ∆f δf is an estimate of the number of independent frequencies sampled. The FAP estimate of Sturrock & Scargle (2010) , which compares the power of a periodogram peak to an expected distribution of power values based on Bayesian statistics, agrees well with the probabilistic calculation for our power spectra. Our final FAPs for periodic signals presented herein are calculated according to the bootstrap resampling technique of Kürster et al. (1997) . Briefly, the bootstrap FAP technique retains the time stamps of the original data set, then creates a series of fake data sets by assigning a random I Hα value (with replacement) from the set to each time stamp. The FAP is then taken as the percentage of resampled data sets which at any frequency give an equal or higher periodogram power value than the highest peak in the original data.
Because stellar activity is neither strictly periodic nor perfectly sinusoidal, and will experience stochastic behavior (flares, etc.) regardless of any regular cycles, the FAP required to confirm a Hα activity cycle is somewhat higher than for a more rigidly periodic phenomenon such as a Keplerian planet orbit. Previous studies (e.g. Cincunegui et al. 2007a ) have considered FAPs as high as 0.5. While we see many signals in our sample with a FAP in the 0.5-0.1 range, we do not present them here, pending confirmation either through more dense time sampling (for short-period signals) or a second activity tracer such as the Na I D feature (for low-amplitude signals). Here, we only claim detection of a periodic signal if it has a bootstrap FAP at or near the 0.01 level, with the exception of GJ 581 (FAP ∼ 0.1), for which we offer a confirmation of a previously observed cycle (see below). This criterion is essentially equivalent to the one adopted by Buccino et al. (2011) . The periodograms for our confirmed activity cycles are shown in Figure 3 , and the individual FAPs are discussed in later sections.
For each activity cycle, we have fit a sinusoid of the form I Hα (t) = a 0 + a 1 sin(ωt + φ), where ω = 2π P , P is the period of the cycle, and a 0 , a 1 , and φ are free parameters to set the I Hα zero point, amplitude, and phase, respectively. In Figure 4 , we show the time-series Hα index of the six stars for which we observe periodic activity cycles and the fitted sine curves. Included with each plot is the time series of the Ca I index. We note that we have examined the periodograms of the Ca I index for each star in Figure 4 , and do not see periodicity matching the signals seen in Hα. Furthermore, the level of variation in Ca I is considerably lower than we see in Hα, confirming that the cycles observed are in fact caused by stellar activity.
While we show sinusoidal fits to the activity cycles shown in Figure 4 , it is clear from visual inspection that the cycles are not all perfectly sinusoidal in shape. Interestingly, the two most obviously non-sinusoidal signals-GJ 552 and GJ 630 (see below)-both exhibit gradual declines and rapid rises in I Hα . This behavior is reminiscent of the Waldmeier effect seen in the Sun, where higheramplitude activity cycles are preceded by more rapid rises in activity (see, e.g. Cameron & Schüssler 2008) . While the details of the Waldmeier effect are the subject of active research, its qualitative properties can be explained by the variable nonlinear feedback of hydrodynamic turbulence and small-scale magnetic fields on the large-scale stellar magnetic field (Pipin & Kosovichev 2011) . If this is the case for our targets, we should expect to see varying shapes and durations of each cycle as we observe successive periods.
We find that in cases of non-sinusoidal I Hα series, a better approach is to fit a Fourier series. In Figure 5 , we show the results of fitting three terms of the Fourier series
for two of the cycles presented in Figure 4 . We set the initial guess for ω 1 equal to the frequency identified in the periodogram of each star's I Hα index. For both stars, the best-fit frequency of each successive term falls very close to twice the frequency of the previous term, leading us to conclude that we are likely observing harmonics of the initially-observed activity cycle. The drawback to fitting Fourier series is that each new term adds three free parameters to the fit. For targets without a large number of observations (e.g. GJ 552, Figure 5 (b)), we quickly lose the ability to constrain the parameters of higher-order terms, leading to over-fitting as shown in the Figure. Below, we discuss each observed activity signal in detail. Additionally, we have included the details of our fits to the data in Table 1 .
GJ 270 and GJ 476
With periods ≥ 3 years, the I Hα signals of GJ 270, GJ 476, and GJ 581 (discussed below) could be considered the "stellar cycles" in our survey. Here, we see the advantage of utilizing the data set of an RV survey; the same observational strategy intended to reveal long-period giant planets gives us excellent coverage of very slow activity cycles, the durations of which have never been previously observed for M dwarf stars.
At M * = 0.68M ⊙ , GJ 270 (M2) is among the more massive M dwarfs in our survey. As first reported in Endl et al. (2006) , we see evidence for a long-period binary companion in the RVs of GJ 270, but at present its period is longer than our observational time baseline. The I Hα time series, shown in Figure 4 (a) shows clear cyclic variation, with a distinct peak in the corresponding periodogram (Figure 3(a) ) at 2553 days. Our bootstrap analysis generated no false alarms in 10 4 trials, thus giving an upper limit on the FAP of 10 −4 . We fit a sinusoidal model to this signal with a period of 2687 days and amplitude 0.00158 in I Hα , the longest-period cycle for which we have observed a full period. We include our fit to the data in Figure 4 (a). Bobylev et al. (2006) list GJ 476 as subtype M4, although with a mass estimate of 0.47M ⊙ , it would be among the more massive M4 stars. In Figure 4 (b), we show the I Hα time series, which again shows long-period variation. The power spectrum for GJ 476 peaks at 993 days, with a bootstrap FAP estimate again giving an upper limit of 10 −4 . Our fitted sinusiod gives a final period of 1066 days. The cycle has an I Hα amplitude of 0.00193, the largest of the periodic signals presented herein.
GJ 581
We take particular note of GJ 581, both because of the considerable interest in its planetary system (e.g. Bonfils et al. 2005b; Mayor et al. 2009; Vogt et al. 2012) , and because our observed periodicity confirms the discovery of Gomes da Silva et al. (2012) . It is important to note that our periodogram analysis (Figure 3(c) ) shows a peak at 448 days with higher power than the longerperiod signal claimed in Gomes da Silva et al. (2012) . However, since the longer-period peak leads to a marginally better fit-yielding an RMS of 0.00118 in I Hα versus 0.00123-we adopt the 1633-day peak as the true period. The 448-day peak disappears in the residuals to a 1633-day fit, indicating it is likely an alias of the fitted signal.
As seen in Figure 3 , the 1633-day signal of GJ 581 appears at somewhat lower power in our periodogram analysis. In our bootstrap FAP analysis, our randomly-resampled I Hα indices produced higher power spectrum values in 1196 of 10 4 trials, for a FAP of 0.12. However, since our observed period is similar to the 1407-day period derived from the HARPS data, and because our observed I Hα maximum in December 2007/January 2008 matches the Hα maximum found by Gomes da Silva et al. (2011), we consider our detection valid despite having a FAP of ∼ 0.1. It is especially remarkable that we observe the cycle in Hα, while Gomes da Silva et al. (2012) use the Na I D feature. Furthermore, the reversal of the minima/maxima between our Hα index and the HARPS Na I index confirms the anticorrelation between Hα and Na I for GJ 581 observed in the HARPS survey (Gomes da Silva et al. 2011) .
GJ 708
With a mass M * = 0.77M ⊙ , GJ 708 is at the upper limit of where the Delfosse et al. (2000) mass calibration is valid. While the Orion Spiral Arm Catalog lists it as spectral type M1, its mass indicates GJ 708 is most likely a late K dwarf. Our RV series shows a monotonic decreasing trend indicative of a binary companion, for which we are currently unable to estimate a period. In many ways, then, GJ 708 is quite similar to GJ 270. GJ 708 is unique among the objects presented here because it exhibits a long-term trend in Hα along with a periodic signal. We note that we have fitted and removed a linear slope from the I Hα series prior to creating the phase plot shown in Figure 4 (d). Once removing the trend, the periodogram on the residual I Hα values (Figure 3(d) ) shows significant power at 296 days, although we note that the peak appears regardless of whether the trend has been removed. In 10 4 bootstrap resamplings of the residual I Hα values for GJ 708, we observed 282 false alarms, for a FAP of 0.03 on the 296-day period. It is also important to point out that, while the period observed for GJ 708 is close to the 1 year alias, neither the periodogram of our time sampling (the window function) nor the Ca I periodogram showed periodicity near 296 days, eliminating the possibility that the observed signal is caused by our sampling.
The 296 day period of GJ 708's activity cycle is too long to be the rotation period of a typical old dwarf star (normally weeks or months), but is also somewhat short to be reminiscent of a long, solar-type cycle. On the other hand, it is quite similar to the ∼ 442 day period observed for the M dwarf Proxima Centauri (Cincunegui et al. 2007a ). It is possible, then, that these two stars represent the first examples of a new class of intermediate-duration activity cycle that occurs in low-mass stars. Alternatively, it may be the case that the linear trend we observe is the star's true "activity cycle," and that the 296-day signal is an intermediate-period cycle that exists alongside the longer signal. Such sub-cycles have been observed for the Sun (e.g. Tan & Cheng 2012) , suggesting similar physics may be at work here.
GJ 730
The periodogram for the time series I Hα of GJ 730 (Figure 3 (e)) shows interesting peaks at 3.06 days and 993 days. While the longer periods of the other I Hα signals in this paper make the longer period peak seem intuitively more likely to be the true signal, the 3-day signal continues to increase in power as we acquire additional data, while the 993-day peak remains constant. While many of our stars exhibit short-term variability, only GJ 730 displays a coherent signal of such statistical significance; our bootstrap FAP estimate gives an upper limit of 10 −4 for the 3-day peak, making it much more significant than the long-period peak. We note that the 993-day peak is no longer present in the residuals around the 3-day fit, and also that the 3-day peak disappears from the residuals to a 993-day fit, giving further evidence to the two signals being aliases. Because it is possible for an alias to display stronger periodogram power than a true signal, and because the longer period is much more typical of stellar activity cycles, we will not make a definitive argument as to which is the true period. We include fits to both periods in Table 1 , and show phase plots of both signals in Figure 4 (e).
If the true period for GJ 730 is 3 days, it is by far the shortest periodicity presented herein. While 3 days could concievably be a rotation period for a very young, active star, it is almost certainly too short for a main-sequence M star, although we are unaware of any v sin i measurements which might confirm or reject the rotation hypothesis. Hipparcos photometry (ESA 1997) is not sampled densely enough to be sensitive to a 3-day period. At spectral type M2, with a mass of 0.62M ⊙ and [M/H] = 0.014, GJ 730 appears more or less typical of our sample, leaving no indication as to why such an unusually short periodicity should be present. Its average I Hα value of 0.064 is also close to the overall average for our targets, so the star is not especially active.
We note that 3 days is common for the periods of hot Jupiter planets. Previous results (Shkolnik et al. 2008; Pillitteri et al. 2011 ) have shown evidence that hot Jupiters may induce star-planet interaction (SPI), with measurable periodicity in stellar activity tracers matching the period of the planet's orbit. Our RVs do not currently show evidence for planetary companions to GJ 730, and the RMS scatter of 7.4 m/s shows definitively that any hot Jupiter planet would need to be in an orbit which is highly inclined relative to the line of sight. While the inclination requirement in combination with the inherent paucity of hot Jupiters around M stars (Endl et al. 2006; Johnson et al. 2012 ) makes SPI an unlikely explanation for the 3-day activity signal observed for GJ 730, we present it as an interesting possibility.
On the other hand, if the ∼ 1000 day signal is the true period, GJ 730 fits nicely with GJ 270, GJ 476, and GJ 581 as a star displaying solar-type activity cycles. Further study will be required to determine the nature of this star's periodic activity.
GJ 552
GJ 552 is an extreme example of non-sinusoidal behavior in Hα activity cycles, as evidenced by the sharp upturn in I Hα observed between July 2006 and April 2008. As mentioned previously, while we recognize the inadequacy of a sine wave fit, we do not have a sufficient number of observations to fit a long Fourier series. Furthermore, we see in Figure 5 (b) that our different fits offer quite dissimilar estimates for the period of the cycle. While it is possible we have recorded close to a full period, some models result in a period far exceeding our observational time baseline. For this reason, while we believe the behavior seen in our Hα index is likely periodic, we do not claim a specific period, and do not include a model fit in Figure 4 (f).
Long-Term Activity Trends
For a second subset of our target stars, we see long-term slopes or curvature in I Hα , but are unable to confirm any periodicity for these objects because our observational time baseline is shorter than the duration of any periodic signals. We show the time-series I Hα data for these stars-GJ 16, GJ 521, GJ 96, GJ 3023, GJ 3801, GJ 611.3, and GJ 630-in Figure 6 , along with the corresponding Ca I index. The details and statistics of our fitting are included in Table 1 as well. We separate the stars in Figure 6 into two groups: stars showing monotonic slopes, and objects for which we observe some curvature or turnaround.
3.2.1. GJ 16, GJ 521, GJ 96, and GJ 3023 GJ 16, GJ 521, GJ 96, and GJ 3023 all display a linear trend in I Hα over our entire observational time baseline. To ensure the statistical significance of these slopes, we perform a linear least-squares fit to each time series, and calculate the Pearson correlation coefficient. We include these fits in Figures 6(a)-6(d). In all four cases, the correlation coefficient indicates the relations are highly significant (with the probability of a null result p << 0.01).
GJ 3801, GJ 611.3, and GJ 630
GJ 3801, GJ 611.3, and GJ 630 all show significant variability, but are poorly fit by linear regression. For GJ 3801 and GJ 611.3, we have compared the quality of linear and quadratic fits with an F-test using
as described in Gomes da Silva et al. (2011) . Here, χ 2 slope is the chi-squared value of a straightline fit, while χ 2 poly is the chi-squared of a quadratic fit. We find P (F poly ) = 0.04 for GJ 3801 and P (F poly ) = 0.01 for GJ 611.3, indicating the quadratic fits are a statistically significant improvement over straight-line models. Our fits are included in Figures 6(e)-6(f). In GJ 630, the recent dramatic upturn in I Hα looks very similar to that of GJ 552. If the Hα activity seen for GJ 630 does prove to be another highly non-sinusoidal periodic signal, its period will easily exceed 10 years, making it a direct analog to the 11-year solar cycle. Since the behavior of I Hα is approximately linear prior to this rapid upturn, we have not included a fit for GJ 630, pending future observations to more accurately characterize the shape of the curve.
RV correlation
Among our motivations for examining the stellar activity of our targets was to evaluate to what level, if any, chromospheric variability influenced our RV measurements. To this end, we have searched for correlations between RV and I Hα for our entire sample. In cases where we see evidence for substellar companions (planets or brown dwarfs) in the RVs, we have subtracted those signals and examined the residual velocities.
Overall, we see little correlation between I Hα and RV. We find this result unsurprising for our data; Gomes da Silva et al. (2012) report correlations between stellar activity indicators and RV typically occur at or below the 5 m/s level. Such an effect will doubtless be significant for our sample following the HET/HRS upgrade, which will yield a throughput gain of approximately 2 magnitudes at our R = 60,000 setting, dramatically improving the RV precision for our faint M dwarf targets. However, with our current RV precision limited to ∼ 6 m/s for the majority of our sample, it is understandable that we see relatively few correlations between I Hα and RV. Furthermore, Lovis et al. (2011) observe a decrease in correlation between RV and R ′ HK with decreasing T ef f , so it is likely we will see relatively fewer M stars with RV-Hα correlation regardless of precision.
On the other hand, we do see two examples-GJ 1170 and GJ 3801-for which RV is anticorrelated with I Hα at a level higher than 5 m/s. We show our measured RVs and the corresponding Hα indices for these stars in Figure 7 . For GJ 1170, we derive a Pearson correlation coefficient of -0.48 for the relation between RV and I Hα , yielding a probability p = 0.005 of no correlation. Similarly, for GJ 3801 the Pearson correlation coefficient is -0.51, indicating the probability of no correlation is just 0.03. GJ 1170 is a particularly interesting case, as the Hα emission is reflected in the RVs, resulting in a signal which initially appeared to be a Keplerian planet orbit with RV amplitude K ∼ 20 m/s. Assuming a stellar mass of M * = 0.52M ⊙ , this signal corresponds to a planetary minimum mass of approximately 0.9 Jupiter masses. We therefore conclude that, while I Hα does not frequently correlate with RV for M dwarfs at a precision level higher than 5 m/s, there does exist a small subset of stars where Hα activity corresponds to large RV shifts. With such a small number of objects, though, we must concede the possibility that these stars actually have giant planets causing the observed RVs, and coincidentally exhibit activity cycles with periods similar to those of the planets (as with Jupiter and the solar cycle).
Stellar Activity Levels
In addition to examining time-series activity of individual stars, we have also considered the mean activity levels of our targets relative to the overall sample. To do so, we average our Hα index over all observations of a star.
Based on their observed positive correlation between time-averaged Hα index and V − I color, Gomes da Silva et al. (2011) report that mean activity is a function of temperature. We attempted to confirm this correlation with our sample, but find considerably larger scatter than previously observed, as shown in Figure 8 . While the relation holds relatively well within the 1.6 ≤ V −I ≤ 2.8 color range covered by the Gomes da Silva et al. (2011) sample, it is much less suitable outside that regime. While we looked at mean I Hα as a function of several color indices, we found that no color was a satisfactory tracer of Hα.
We considered the possibility that stellar mass might be a better predictor of mean Hα activity than temperature or color. In Figure 9 (a), we show our time-averaged Hα index as a function of stellar mass. The resulting anticorrelation is obvious, and the scatter is greatly reduced from that of the color relations. It is apparent that Hα emission is much more tightly connected to mass than temperature. Performing a linear least squares fit to the data, we find the relation
Our fit gives 1σ uncertainties of 0.003 on the slope and 0.001 on the intercept.
We explored the residuals to the fit above to determine whether additional dependencies exist. As before, we see no convincing correlation to any color index. On the other hand, stellar metallicity does appear to play a role. Figure 9 (b) shows the residual Hα index after subtracting the Hα -M * relation. The resulting correlation is a clear indicator that stellar [M/H] is the primary contributor to the scatter around the mass-activity fit. Again performing a linear least-squares fit to our data, we find I Hα res = 7.6 × 10 −4 + 9.7 × 10
with 1σ uncertainties of 10 −3 on the slope and 3 × 10 −4 on the intercept.
Before drawing conclusions as to the physical interpretation behind Figure 9 , it is important to understand how the stellar continuum changes as a function of mass and metallicity. Since I Hα is normalized by the continuum adjacent to the Hα line, it is possible that the observed trends are due to changes in continuum flux rather than Hα emission. We considered this possibility by converting our Hα index to an equivalent width (EW) using a transformation basically identical to the one outlined in Appendix A of , then to the quantity [L Hα /L bol ], the logarithm of the luminosity in Hα, normalized by the star's bolometric luminosity. For this transformation, we used the method of Walkowicz et al. (2004) , which calibrates the ratio of the continuum near Hα to the bolometric luminosity as a function of color for M dwarf stars. Briefly, we use the transformations
Where λ C = 8.75Å is the width of each reference band used to compute I Hα , λ Hα = 6562.808 A, ∆λ Hα = 1.6Å is the width of the spectral window in which we sum the Hα flux, and χ is the luminosity scaling factor, calculated according to Walkowicz et al. (2004) . In Figure 10 , we again show Hα emission as a function of stellar mass and metallicity, but measure Hα emission with [L Hα /L bol ] instead of I Hα .
Perhaps surprisingly, both of the trends seen in Figure 9 are reversed in Figure 10 .
with residuals anticorrelated with stellar metallicity. A linear least squares fit to Figure 10 
Our 1σ uncertainties on the slopes and intercepts, respectively, are 0.08 and 0.04 for Equation 7, and 0.01 and 0.04 for Equation 8.
At first, the results of Equations 3-4 and 7-8 appear to present conflicting information regarding the dependence of stellar activity on mass and metallicity. However, we suggest a conceptually simple hypothesis consistent with all four relations. It has been firmly established that the stellar continuum near Hα varies along with bolometric luminosity (Hall 1996; Walkowicz et al. 2004; Cincunegui et al. 2007b ). According to the Cincunegui et al. (2007b) ). The observed I Hα decrease of ∼ 60 percent is fully consistent with this expectation, considering the significant uncertainty in the Cincunegui relation at high B − V . We therefore conclude that chromospheric Hα emission is increasing with stellar mass, but the effect does not appear in our original Hα index because of the increasing continuum flux.
Understanding the metallicity dependence for Hα emission requires a similar deconstruction of stellar luminosity/continuum effects. When we subtract a linear fit to the I Hα -M * relation, the effects of the varying stellar continuum should be removed, suggesting higher-metallicity stars are more active. However, verifying this demands explaining the decrease in [L Hα /L bol ] with [M/H]. Previous observations of M dwarf activity have shown that more active stars are more luminous, possibly due to an increase in stellar radius (Bochanski et al. 2011) . Furthermore, stars with high [M/H] will be more luminous at a given B − V or V − K color than metal-poor stars due to line blanketing of blue light in the more metal-rich objects. Figures 9(b) and 10(b) are therefore consistent with the argument that metal-rich M dwarfs display higher Hα emission, but their increased activity and opacity in the blue cause L bol to increase faster than L Hα , causing the negative slope seen in Figure 10 Earlier studies of M dwarf activity (e.g. West et al. 2008; Browning et al. 2010 ) emphasize the importance of considering the various subtypes of M stars, particularly around M4, where stars typically become fully convective. Figure 11 shows the time-averaged [L Hα /L bol ] values for objects of known subtype in our sample. In the Figure, the error bars represent the RMS scatter within a given bin, rather than measurement error. The decrease in [L Hα /L bol ] towards later types essentially reflects the observed mass dependence. However, we see more clearly in Figure 11 the tendency for more active bins to have more scatter as well.
Discussion

Stellar Cycles
Our observed stellar activity cycles indicate that even for an old, quiet stellar population, magnetic activity may appear at essentially any period. The long-period subset of stars shown in Figure 4 , particularly GJ 270 (P ∼ 7.5 years), demonstrate stellar periodicity on the order of the 11-year solar cycle is far from unique; stars with cyclic activity of period 1 year appear in at least 5% of our sample. In future work we will include additional tracers (e.g. the Na I D feature, see Díaz et al. 2007a ), both to increase sensitivity to additional activity cycles, and to fully evaluate the impact of stellar variability on our RV survey. The addition of other tracer indices will almost surely increase the number of candidate signals among our targets.
While the periods of the stellar cycles observed in Figure 4 fall towards the low end of the period distribution found by Baliunas et al. (1995) for solar-type stars, our results are entirely consistent with the Mount Wilson survey. While the Baliunas distribution peaks between ∼ 5 − 12 years, there are a significant number of detections between 1 and 5 years. Furthermore, our observational time baseline, while extensive, is still too short to properly characterize stellar cycles with P ≥ 10 years. It is quite likely that the six stars shown in Figure 6 are examples of partial detections of such periods. Clearly, it is essential that both the durations and number of targets be increased for M dwarf activity surveys for a proper comparison to FGK stars. Lovis et al. (2011) find activity cycles with amplitude 0.04 or higher in R ′ HK for 61±8% of quiet FGK stars. At present, the percentage of M dwarfs with observed magnetic cycles is significantly lower. Using the Na I D feature, Gomes da Silva et al. (2012) find periodic signals for 5 of 27 M stars surveyed, for a rate of 19%. With 6 periodic signals found in 93 stars, our resulting "cyclic fraction" is even lower, at 6.5%. If we assume the 7 stars for which we observe long-term trends are exhibiting activity cycles, our rate increases to 14%, which is more in agreement with the Gomes da Silva et al. (2012) value. It is possible that the difference in the periodic fractions is due to the relative sensitivites of the activity indices. Because the sodium feature is emitted deeper in the chromosphere than Hα, where the local density is higher, a change in the magnetic field should produce relatively more emission in sodium than hydrogen, making the amplitude of a given stellar cycle higher in the Na I index than in I Hα . Our overall sample size, and the number of observed stellar cycles and trends in Hα will allow us to make a thorough comparison between the two indices in future work, as we will have a robust set of comparison cases to establish whether the Na I D feature is simply more sensitive to weaker signals, or in fact probes different stellar physics.
In any case, current data suggests M dwarfs are less likely to display measurable magnetic periodicity than earlier spectral types. A possible explanation for the discrepancy lies in the lack of a tachocline for many M stars. At a spectral subtype of M4 and below, stars become fully convective (Chabrier & Baraffe 1997 ) and therefore do not possess a solar-type dynamo, which is driven by differential rotation between the radiative and convective layers. If the solar cycle and its analogs are driven by this dynamo, then we should expect to see only low-amplitude cycles or quasi-periodic oscillations for fully convective stars. Indeed, of the stars we identify as having cycles or trends, only GJ 476 and GJ 581 have spectral subtypes later than M3 according to Bobylev et al. (2006) . Of those two, GJ 476 has an estimated mass of 0.47M ⊙ , which is massive enough to have a tachocline despite its listed type of M4, and the activity cycle of GJ 581 may be connected to its planetary system (see below). Furthermore, Figure 11 shows a distinct dropoff in [L Hα /L bol ] around spectral subtype M3-M4, suggesting the fully convective stars in our sample are characteristically less active. If continued study shows stellar activity cycles in M stars to be confined mainly to subtypes M0-M3, it will be an intriguing piece of evidence in favor of the tachocline dynamo as the origin of stellar magnetic cycles.
The period of the I Hα cycle seen for GJ 270 is nearly equal to that of GJ 752 A (Buccino et al. 2011) , making it one of the two longest M dwarf activity cycles observed to date. It is worth noting that both of these stars are members of binary systems (Endl et al. 2006; Buccino et al. 2011) . Among the stars in Figures 4 and 6 , we see evidence in our RVs for a brown-dwarf binary companion to GJ 708, and GJ 581 hosts a known multi-planet system. Morgan et al. (2012) have shown that M dwarfs with close binary companions display increased magnetic activity, and the SB2 GJ 375 has been shown to exhibit a long-period activity cycle in the Ca K index (Díaz et al. 2007b ). Likewise, Krejčová & Budaj (2012) see tentative evidence of increasing Ca II emission for stars in known exoplanet systems. Interestingly, of the binary/planetary systems for which stellar cycles have been observed, none of the stellar activity periods match the companion orbital periods or their harmonics. Further study will be required to definitively establish or reject a physical connection between more distant/less massive substellar companions and stellar activity cycles, but it is worth noting that a number of our candidates exhibit both, as do those of previous studies.
Magnetic Activity and RV Planet Surveys
Aside from the obvious value to the study of low-mass stellar physics, the understanding of M dwarf activity cycles has important implications for RV planet surveys. It has been well established that periodic RV signals can be caused by stellar chromospheric variability, as traced by photometry or activity indicators such as Ca H and K (Queloz et al. 2001; Forveille et al. 2009; Robertson et al. 2012a) . While activity-induced RV signals are typically expected to have amplitudes of just a few m/s, Figure 7 shows that exceptionally large-amplitude effects will occasionally appear. In general, though, these results will be increasingly important as M dwarf RV surveys approach precisions of 1 m/s or less. GJ 581 stands as an excellent example. We notice a striking similarity between our periodogram of the GJ 581 Hα index (Figure 3(c) ) and the periodogram of the residual RVs to a 4-planet fit shown in Vogt et al. (2010, Figure 3 , panel 5), particularly at the ∼ 450-and ∼ 1600-day peaks. The 433-day period of the unconfirmed planet f is very close to our observed alias at 448 days, as is the candidate 400-day planet identified in Gregory (2011) . While fitting a Keplerian orbit to an activity-induced RV signal would essentially serve to correct the RVs for stellar activity, if the true period of GJ 581's I Hα cycle is 1300-1600 days, then removing a 433-day orbit would lead to incorrect residuals, complicating the analysis of any additional planets. Clearly, any RV detection of low-mass planets around M dwarf stars should be accompanied by a careful analysis of the corresponding stellar activity indices.
Mean Activity Levels
Our results for the comparative activity levels between the stars in our sample are interesting in the context of previous surveys of more active M stars. Figure 11 shows essentially identical behavior to the findings of West et al. (2004, Figure 5 ) and Kruse et al. (2010, Figure 7 ). We note a slight discrepancy from Morgan et al. (2012, Figure 12) Lovis et al. (2011) report that most G stars have log R ′ HK around −5, while stars of K type cluster around log R ′ HK ∼ −4.7, suggesting an inversion of the relation observed for M stars. These results could still be reconciled, since stellar bolometric luminosity increases at earlier spectral types, so some normalization may be required to properly understand how mean activity levels vary across the entire main sequence. Of course, it is known that Hα behaves differently from Ca H and K, especially for cool dwarfs such as those in our sample (e.g. Cincunegui et al. 2007b) . A more harmonious result can be seen in Baliunas et al. (1995) , who plot mean log S HK against (B − V ) color for FGK stars, finding an increasing trend (and scatter) similar to Figure 8 .
The data presented here are perhaps more compelling when shown as a function of stellar mass, though. Because our targets are pre-selected to be "quiet," and do not show Hα in emission, they should all be older than their "activity lifetime" (West et al. 2008) . Figure 10 (a) seems to suggest that for these quiet stars, the dynamo responsible for driving the residual magnetic actvity following the spin-down phase is more effective in more massive stars, which presumably are not fully convective. Again, it is possible that the presence of a more significant radiative zone in the interiors of the more massive stars leads to the generation of a solar-type magnetic dynamo at the interface of the convective and radiative layers, rather than the rotation-dominated magnetic activity of younger, highly active M dwarfs.
As explained above, our data indicate that metal-rich stars tend to be more active than average at a given stellar mass. One possible cause for this relation is that our measured [M/H] is-in a statistical sense-a tracer of age, and we are simply observing the previously-confirmed connection between stellar age and chromospheric variability (e.g. West et al. 2008; Bochanski et al. 2011 ). To test this hypothesis, we have obtained space velocities for our sample from Bobylev et al. (2006) . In Figure 12 , we plot the mean galactic velocity dispersions of various metallicity bins in the U V W coordinates, excluding very high and low metallicities due to small numbers of stars. In general, we see that low-metallicity stars have higher velocity dispersions in all three coordinates, lending support to the proposal that the metal-rich stars in our sample are younger. Further evidence of the age-metallicity relationship is discussed in West et al. (2008) . The fact that we see higher average I Hα values towards increasing [M/H] is therefore likely a reflection of the younger members of our sample being more active. Again, all of the stars discussed herein are old, and should have evolved past their early active stages. It is remarkable, then, that the effects of stellar age are still visible in the activity levels of these objects. It is worth pointing out that, while the U V W velocities suggest a spread in age among our objects, the probability distributions of Reddy et al. (2006) indicate all of our targets are members of the Galactic thin disk with ≥ 99% probability, so our observed mass and metallicity/age dependencies may or may not apply as cleanly to stars in the thick disk or halo.
The implications of this study are potentially encouraging for the prospects of current and future near-infrared (NIR) RV surveys for planets around late M stars. The old, low-mass stars which will make up the majority of the targets should have relatively low chromospheric activity levels, and will be less likely to exhibit activity cycles. Furthermore, we have shown that the stellar cycles which may be confused with planetary signals appear in Hα, which is much more likely to be accessible to a NIR spectrograph than Ca H and K. The CARMENES spectrograph (Quirrenbach et al. 2011) , in particular, will be able to acquire Hα. Therefore, problematic signals may be properly identified and corrected. While the Habitable Zone Planet Finder on HET (Mahadevan et al. 2010) will not have wavelength coverage at Hα, our results illustrate the necessity of identifying a suitable activity tracer in the NIR for RV surveys.
Conclusion
We have measured and analyzed time-series Hα emission for ∼ 11 years of spectra for 93 low-mass stars. Our primary results may be summarized as follows:
1. We find strong periodic Hα variability for 6 stars in our sample, and long-term trends or curvature for 7 others. Among these, we confirm the discovery of the activity cycle for GJ 581 found by Gomes da Silva et al. (2012) . Our observed stellar cycles are analogous to those previously observed for FGK stars.
2. While activity-induced RV signals are relatively rare in our sample at its current precision level, we identify two stars-GJ 1170 and GJ 3801-for which our Hα index is anticorrelated with RV, indicating activity cycles causing RV variations of nearly 20 m/s. Additionally, we see evidence that the signal of the purported planet f in the GJ 581 system may in fact be caused by an alias of the ∼ 1600-day stellar activity cycle, further emphasizing the need to consider stellar RV modulation at the ≤ 3 m/s level of precision.
3. The mean Hα activity levels of our targets correlate with stellar mass. This result is qualitatively consistent with previous observations of both solar-type and low-mass stars, although the correlation has more often been expressed in terms of stellar temperature or color, rather than mass. We confirm that [L Hα /L bol ] decreases towards later stellar subtypes, a phenomenon that appears to hold true for M stars regardless of whether or not they are in the "active" phase. Lower [L Hα /L bol ] values and an apparent lack of observable stellar cycles for fully convective stars may be related to the absence of a tachocline for those stars.
4. In addition to the mass-activity relation, we see a metallicity dependence on average Hα emission. Lower average galacitc velocity dispersions indicate the more metal-rich stars in our survey are in fact younger. Even though all the stars in our sample have aged beyond their "active" phase, it appears some residual age effect still contributes to their mean activity levels, and that the younger of our targets are still more active at a given stellar mass. Here, we give histograms of the stellar masses, metallicities, and spectral subtypes of our targets. of . We note that these FAP levels represent a preliminary estimate, and our formal FAP values are obtained through a bootstrap analysis, which we give in Section 3. The data have been phase-folded for shorter periods for clarity. The red curves show our best fit to the data. For GJ 708, we have also removed a linear trend. In the case of GJ 730, we include two possible fits (see Section 3.1.4). We do not include a fit for GJ 552 because we are unable to satisfactorily constrain the period of the observed cycle. Below each Hα series is the corresponding Ca I index, which we use as a control. show the results of fitting Hα activity cycles with Fourier series instead of sine curves for a GJ 270 and b GJ 552. We see that our fits improve with the inclusion of higher-frequency harmonics, but that for few data points (as seen in b), we cannot constrain enough free parameters to justify adding a large number of terms. Fig. 9 .-Since mean Hα activity does not correlate well with color (and therefore presumably T ef f , we investigate whether there are other stellar parameters which better predict Hα behavior. a. shows our time-averaged Hα index as a function of stellar mass for our sample. The red line shows our linear least squares fit to the data. In b, we give the residuals to the fit shown in a, plotted as a function of stellar metallicity. The red line shows our linear least-squares fit to the data. -32 -
(c) Fig. 12. -We investigate whether there is any indication that the more metal-poor stars in our sample are older than the metal-rich stars.
Here, we plot galactocentric velocity dispersion in U V W coordinates as a function of stellar metallicity. Metal-poor stars tend to have higher velocity dispersions in all three coordinates, suggesting they are older, potentially explaining why our metal-poor targets exhibit lower mean I Hα values. Quadratic Trends I Hα (t) F poly P (F poly ) GJ 3801 50000 ±16000 − 0.04 ±0.01 t + 8 ±3 × 10 −9 t 2 9.31 0.04 GJ 611.3 9000 ±2000 − 0.007 ±0.002 t + 1.5 ±0.4 × 10 −9 t 2 12.4 0.01 GJ 630
Periodic Signals
Not Fit Table 1 : Parameters of our fits to the I Hα time series discussed in Section 3. For the periodic fits, the FAP listed is taken from the results of our bootstrap resampling analyses. With the linear fits, we include the Pearson correlation coefficient r and the resulting probability of no correlation P (r). Similarly, the quadratic trends include the results of our F-test, as detailed in Section 3.2.2. Our fits to I Hα (t) are given as a function of barycentric Julian date. 
